Introduction {#S1}
============

Inactivation of the *p16^INK4A^* (hereafter referred to as *p16*) gene commonly occurs in many tumors ([@R37]), although germ-line mutations in *p16* are more commonly associated with hereditary melanoma predisposition ([@R17]). Somatic mutations of *p16* ([@R15]) or allelic deletions of the *p16*-containing CDKN2a locus at 9p21 ([@R12]) have also been described in a large percentage of sporadic melanomas. The p16 tumor suppressor protein normally inhibits the kinase activity of cyclin-dependent kinases (CDK) 4 and 6, thereby inhibiting the hyperphosphorylation of retinoblastoma (Rb)-related pocket proteins required for cell-cycle progression ([@R25]). Native p16 thus functionally serves to prevent inappropriate division of stressed or damaged cells by holding them in the late G1-S transition, and may promote irreversible exit from the cell cycle into a senescent state ([@R1]).

Acute or chronic exposure to ultraviolet (UV) radiation produces reactive oxygen species (ROS) in the skin ([@R22]), which may contribute to the development of skin cancers including melanoma. There is a good deal of correlative evidence to suggest that the link between UV radiation and melanoma may lie in the generation of oxidative damage ([@R27]). Interestingly, melanocytes isolated from melanoma patients display increased sensitivity to peroxidizing agents that correlates with endogenous antioxidant imbalance ([@R18]), and elevated ROS have been found in melanocytes from dysplastic nevi relative to normal skin of the same individuals ([@R31]). In addition, mutation or loss of the enzyme hOGG-1, which repairs mutagenic oxidative DNA lesions (namely 8-oxoguanine, 8-OG), has been associated with melanoma progression ([@R30]; [@R43]). Recently, we demonstrated a role for UV-induced oxidative stress and damage in an animal model of UV-induced melanoma ([@R11]).

Given the role of p16 as a melanoma tumor suppressor, and recent implication of oxidative stress in UV-induced melanoma noted above, we investigated a potential link between p16 and regulation of intracellular ROS. We found that multiple cell types exhibit increased levels of intracellular ROS in the context of deficiency or loss of p16, which can be restored upon re-expression of p16. Regulation of ROS by p16 occurred independent of Rb and potential effects on cell cycle. Thus the tumor suppressor function of p16 may extend beyond cell-cycle control and include a novel role in regulating oxidative stress in skin cells. Oxidative dysregulation in the context of loss of p16 function may lead to accumulation of mutations which could predispose to tumor development. The increased susceptibility of melanocytes (compared to keratinocytes and fibroblasts) to oxidative stress in the context of p16 depletion may explain why compromise of p16 predisposes to melanoma over other cancers.

Results {#S2}
=======

Oxidative stress upregulates p16 in melanocytes, which are more susceptible to oxidative stress than other cell types {#S3}
---------------------------------------------------------------------------------------------------------------------

The p16 tumor suppressor is known to function by inducing cell-cycle arrest or senescence when cells encounter potentially oncogenic DNA damage ([@R36]). In response to UV exposure, melanocytes acutely upregulate p16 at both protein and mRNA levels ([@R32]). We confirmed that p16 protein levels are elevated in normal human melanocytes following UV exposure, detected as early as 1 h and peaking at 5 h ([Figure 1a](#F1){ref-type="fig"}, top). Direct induction of oxidative stress had comparable effects on p16, as melanocytes treated with H~2~O~2~ demonstrated similar upregulation of p16 protein levels which was blocked by pre-addition of the antioxidant *N*-acetylcysteine (NAC) ([Figure 1a](#F1){ref-type="fig"}, bottom). The induction of ROS under these conditions, and the capacity of NAC to reduce ROS levels when added prior to H~2~O~2~ treatment, was confirmed by addition of 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) and subsequent fluorimetric analysis ([Supplementary Figure S1a](#SD2){ref-type="supplementary-material"}). In addition, p16 upregulation following H~2~O~2~ treatment was associated with dose-dependent increased positive staining for 8-oxoguanine (8-OG), which was reduced by pre-addition of NAC ([Supplementary Figure S1b](#SD2){ref-type="supplementary-material"}). Addition of NAC to untreated cells reduced endogenous oxidative stress and p16 levels, and pre-addition of NAC significantly reduced UV-induced oxidative stress ([Figure 1b](#F1){ref-type="fig"}, top) and attenuated UV-induced upregulation of p16 ([Figure 1b](#F1){ref-type="fig"}, bottom).

Significant upregulation of p16 was also observed at the RNA level in H~2~O~2~-treated melanocytes, as well as in similarly treated human keratinocytes and fibroblasts ([Figure 1c](#F1){ref-type="fig"}). This response of p16 to oxidative stress may be particularly important in melanocytes, however, which demonstrated significantly higher levels of basal and H~2~O~2~-induced oxidative stress ([Figure 1d](#F1){ref-type="fig"}, left) and 8-OG ([Figure 1d](#F1){ref-type="fig"}, right) than these other cell types.

ROS-mediated p16 upregulation occurs through the p38 SAPK {#S4}
---------------------------------------------------------

Previous studies in hematopoietic stem cells found that p38 stress-activated protein kinase (SAPK) phosphorylation is associated with upregulation of p16 ([@R23]). To investigate this pathway in melanocytes, cells were tested for upregulation of p16 by exogenous oxidative stress in the presence of a p38 phosphorylation inhibitor. As shown in [Figure 2a](#F2){ref-type="fig"}, H~2~O~2~ treatment resulted in p38 phosphorylation and addition of the inhibitor attenuated H~2~O~2~-induced upregulation of p16. Addition of NAC inhibited both upregulation of p16 and phosphorylation of p38 in H~2~O~2~-treated cells ([Figure 2a](#F2){ref-type="fig"}). Thus ROS-induced p38 phosphorylation is required for the upregulation of p16, demonstrating a functional ROS-dependent p38 SAPK-p16 signaling pathway in melanocytes.

We further investigated this pathway by examining the effect of p38 phosphorylation on intracellular ROS levels. Interestingly, in the absence of an exogenous oxidative insult, inhibition of p38 phosphorylation significantly increased intracellular ROS to levels comparable to that observed in H~2~O~2~-treated cells ([Figure 2b](#F2){ref-type="fig"}). This finding is consistent with a recent report in which inhibition or genetic deficiency of p38 resulted in increased intracellular ROS ([@R29]), suggesting that activated p38 may also act to suppress ROS levels ([Figure 2c](#F2){ref-type="fig"}). However, the induction of ROS upon inhibition of p38 phosphorylation also suggests the possible presence of a negative feedback loop in the ROS-dependent p38-p16 pathway in which p16 may act to suppress endogenous ROS ([Figure 2c](#F2){ref-type="fig"}).

Intracellular ROS and oxidative DNA damage is increased in p16-deficient cells {#S5}
------------------------------------------------------------------------------

We next asked whether p16 is required for normal regulation of intracellular ROS levels. Depletion of p16 in melanocytes by RNAi ([Figure 3a](#F3){ref-type="fig"}) was associated with an increase in intracellular ROS both in the presence and absence of exogenous oxidative (H~2~O~2~) stress ([Figure 3b](#F3){ref-type="fig"}). ROS in p16-depleted cells were normalized by pre-addition of NAC ([Figure 3b](#F3){ref-type="fig"}). We next assessed the extent of oxidative DNA damage (ie. 8-OG) in p16-depleted cells. As shown in [Figure 3c](#F3){ref-type="fig"}, the fraction of untreated melanocytes positive for 8-OG was significantly higher in cells transfected with p16-specific compared to control siRNA. While 8-OG positivity increased in both groups following treatment with H~2~O~2~, an increased fraction of 8-OG positive cells was observed in the p16-depleted group ([Figure 3c](#F3){ref-type="fig"}). Thus p16 functions as a negative regulator of oxidative stress in melanocytes, lowering intracellular ROS and reducing oxidative DNA damage both in untreated cells and under conditions of exogenous oxidative stress.

To extend these findings to other cell types, melanocytes, fibroblasts, and keratinocytes were propagated from four individual donors, and depleted of p16 using siRNA ([Supplementary Figure S2](#SD3){ref-type="supplementary-material"}). When intracellular ROS levels were compared in different cell types from the same donor, p16-depleted melanocytes exhibited significantly higher levels both basally and following H~2~O~2~ treatment ([Figure 3d](#F3){ref-type="fig"}). Thus p16 appears to regulate oxidative stress in multiple cell types, and p16 depletion results in significantly greater levels of intracellular ROS in melanocytes compared to other skin cell types.

The Cdkn2a locus regulates oxidative stress in vivo {#S6}
---------------------------------------------------

The p16-encoding *Cdkn2a* locus is mutated in approximately half of familial melanoma cases ([@R12]). We next investigated *Cdkn2a*-dependent regulation of oxidative stress *in vivo* by measuring ROS levels in the skin of *Cdkn2a*-deficient mice. As shown in [Figure 4a](#F4){ref-type="fig"}, we observed a significant increase in basal ROS in skin isolated from these mice compared to wild-type animals.

Oxidative dysregulation in Cdkn2a-deficient cells and restoration by exogenous p16 {#S7}
----------------------------------------------------------------------------------

Two fibroblast lines were derived both from wild-type and CDKN2a-null mice. Fibroblast lines from knockout mice demonstrated significantly elevated ROS levels compared to lines derived from wild-type mice ([Figure 4b](#F4){ref-type="fig"}), recapitulating our findings in whole mouse skin and p16-depleted human cells. Having demonstrated that p16 is required for normal regulation of oxidative stress, we next asked whether restoration of p16 expression in p16-deficient cells would be *sufficient* to normalize intracellular ROS levels. It is important to note that the *Cdkn2a*-null mice and derived fibroblasts used in these experiments are also deficient in p14^ARF^, although the siRNA we employed ([Figure 3](#F3){ref-type="fig"}) is specific for p16 (and not cross-reactive with ARF). Fibroblasts isolated from wild-type and *Cdkn2a*-null mice were infected with control lentivirus expressing GFP, and *Cdkn2a*-null fibroblasts were seperately infected with lentivirus expressing p16/GFP which conferred a level of p16 expression comparable to that of wild-type cells ([Figure 4c](#F4){ref-type="fig"}, right). We found that restoration of p16 expression in *Cdkn2a*-null fibroblasts was sufficient to neutralize elevated oxidative stress, as ROS levels significantly decreased ([Figure 4c](#F4){ref-type="fig"}, left) and p38 phosphorylation was attenuated ([Figure 4c](#F4){ref-type="fig"}, right). Thus p16 is both necessary and sufficient for proper maintenance of endogenous cellular ROS levels.

p16 regulates oxidative stress independently of Rb pathway {#S8}
----------------------------------------------------------

Given the prominent upstream role of p16 in negative regulation of the Rb pathway ([@R25]), we examined the phosphorylation status of Rb in H~2~O~2~-treated human melanocytes and its requirement for p16-mediated regulation of oxidative stress. Following exposure to H~2~O~2~, there was loss of Rb phosphorylation (as observed previously in similarly-treated endothelial cells ([@R10])) coincident with upregulation of p16 at 5 h, with recovery of Rb phosphorylation and normalization of p16 expression by 24 h ([Figure 5a](#F5){ref-type="fig"}, left). Cell cycle analysis revealed modest but statistically significant increase in the G1 fraction and decrease in the G2M fraction in H~2~O~2~-treated melanocytes at 5 h ([Figure 5a](#F5){ref-type="fig"}, right). Next, p16 and Rb were either separately or simultaneously depleted in melanocytes by two-step RNAi ([Figure 5b](#F5){ref-type="fig"}, lower left). While p16 knockdown was associated with elevated ROS, there was no effect of Rb knockdown alone and furthermore, combined Rb and p16 knockdown increased oxidative stress comparable to that seen with p16 knockdown alone ([Figure 5b](#F5){ref-type="fig"}, upper left). Thus the dysregulation of ROS by depletion of p16 cannot be recapitulated by depletion of Rb, and Rb is not required for p16 regulation of ROS levels.

Oxidative dysregulation in p16-depleted cells not due to effects on cell-cycle {#S9}
------------------------------------------------------------------------------

Finally, we considered the possibility that the observed suppressive effect of p16 on ROS levels could be related to its role in cell cycle regulation. It is established that p16 is a negative regulator of the cell cycle, and cells with p16 mutations exhibit faster proliferation rates and decreased fraction of cells in the G1 phase compared to cells with wild-type p16 ([@R35]). Consistent with these findings, we observed an increased G2M fraction in fibroblasts isolated from *Cdkn2a*-null mice compared to cells from wild-type mice, as well as increased BrdU staining in skin epidermis of *Cdkn2a*-null compared to wild-type mice (not shown). It is also known that increased proliferation is associated with increased mitochondrial respiration and increased ROS leakage from the mitochondrial chain into the cytoplasm ([@R9]). Thus dysregulation of intracellular ROS in p16-deficient cells could be secondary to increased proliferation resulting from loss of p16-mediated control of the cell cycle.

Indeed, we observed that p16 depletion was associated with a modest but significant shift in cell cycle phase distribution reflected by decreased (81 to 65%) G1 and increased (15 to 26%) G2M fractions ([Figure 5b](#F5){ref-type="fig"}, right). However, a significant but less pronounced effect was also seen on G1 and G2M fractions with Rb knockdown ([Figure 5b](#F5){ref-type="fig"}, right) which was not associated with any increase in ROS levels ([Figure 5b](#F5){ref-type="fig"}, upper left). Thus small increases in the cycling fraction are not necessarily associated with increased ROS levels. We noted that the degree of p16 knockdown using two-step RNAi ([Figure 5b](#F5){ref-type="fig"}, lower left) was more complete than in our earlier experiments depleting p16 by single-step RNAi in melanocytes ([Figure 3a](#F3){ref-type="fig"}, [Supplementary Figure 2a](#SD3){ref-type="supplementary-material"}), in which a lower concentration of transfection reagent was used. We repeated single-step p16 RNAi as in earlier experiments using cells isolated from four different donors, this time assessing whether alterations in oxidative stress and damage were associated with changes in cell cycle phase. Under such conditions of partial depletion of p16 ([Supplementary Figure S3a](#SD4){ref-type="supplementary-material"}), cell cycle distribution was not significantly altered compared to control RNAi-transfected cells ([Supplementary Figure S3b](#SD4){ref-type="supplementary-material"}). In these cells matched for cell cycle phase, we confirmed increased ROS levels ([Supplementary Figure S3c](#SD4){ref-type="supplementary-material"}) and increased proportion of 8-OG positive cells ([Supplementary Figure S3d](#SD4){ref-type="supplementary-material"}) in p16-RNAi-transfected compared to control RNAi-transfected cells. Taken together, these data suggest that dysregulated oxidative stress and resulting oxidative damage observed in p16-depleted cells occurs independently of potential effects of p16 on cell-cycle control.

Discussion {#S10}
==========

It is widely accepted that p16 acts as a tumor suppressor by inhibiting Rb phosphorylation and inducing cell cycle arrest in the G1 phase in response to potentially genotoxic stimuli ([@R1]). This p16-mediated cell cycle arrest allows time for repair of DNA damage prior to replication, thereby reducing the chance of propagating mutations ([Figure 6](#F6){ref-type="fig"}). However, it is unknown whether other mechanisms exist by which p16 may protect against tumor formation. Here we show that in addition to UV irradiation, exogenous oxidative stress rapidly upregulates expression of p16. We present evidence that p16 deficiency leads to dysregulation of intracellular ROS in multiple cell types and accumulation of oxidative DNA damage, and that p16 is both necessary and sufficient for normal regulation of p38 SAPK signaling and intracellular oxidative status. Our findings further suggest that compromise of p16 may allow cells to progress to S phase bearing oxidative DNA lesions that may result in carcinogenic mutations ([Figure 6](#F6){ref-type="fig"}). Our results indicate that p16-mediated regulation of intracellular oxidative stress appears to be independent of the Rb pathway, and not secondary to potential cell cycle effects, thus confirming a novel function for p16.

It is unknown why compromise of p16 is more commonly associated with melanoma over other cancers. While we demonstrate here that p16 is necessary for proper oxidative regulation in multiple cell types, our data also indicate that melanocytes maintain higher levels of intracellular ROS and incur greater oxidative DNA damage in response to exogenous oxidative stress than other cell types ([Figure 1d](#F1){ref-type="fig"}). This finding also holds true in the context of p16 depletion when different skin cell types were matched by donor and analyzed for intracellular ROS ([Figure 3d](#F3){ref-type="fig"}). This inherent predisposition to oxidative damage may underlie an increased susceptibility of melanocytes over other cell types to transformation in the setting of p16 deficiency. The basis for higher basal levels of oxidative stress in melanocytes may relate to their synthesis of melanin pigment, which is distributed to adjacent keratinocytes for the purpose of absorbing photons and scavenging free radicals ([@R34]). While UV exposure stimulates melanocytes to proliferate and produce melanin that can absorb UV-generated ROS ([@R16]), higher UV doses can oxidize melanin and increase ROS production ([@R42]), which may further increase oxidative stress in melanocytes ([@R39]). Moreover, under conditions of increased oxidative stress, there is less efficient repair of 8-OG lesions ([@R14]). Consistent with this notion, one recent study has shown that melanocytes are deficient (compared to fibroblasts) in repair of oxidative DNA damage ([@R40]).

It has been suggested that loss of p16 in melanocytes may lead to failure of senescence which underlies malignant transformation of melanocytic nevi ([Figure 6](#F6){ref-type="fig"}) ([@R28]). Oncogene activation in melanocytes also generates oxidative stress, and increased ROS and p16 expression have been implicated in oncogene-induced melanocyte senescence ([@R24]). Consistent with this notion, it has been shown that several melanoma-associated p16 mutants lack the capacity to induce senescence ([@R20]), although p16 is not consistently expressed in melanocytes of senescent nevi *in vivo* ([@R19]) and more recent studies indicate that oncogene-induced senescence does not require p16 or p14^ARF^ ([@R13]; [@R21]).

Our data showing negative control of ROS by p16 may seem at odds with these ([@R24]) and other reports in the literature, suggesting that the relationship between p16 levels and oxidative stress may be highly dependent on the circumstances and cell system utilized. For example, it was reported that over-expression of p16 increases cellular ROS levels in a human diploid fibroblast line (TIG-3) and p16 knockdown decreases ROS in a conditionally immortalized human fibroblast line (SVts8) ([@R38]). Another study using EJ human carcinoma cells found that while tet-regulated over-expression of p21 elevated cellular ROS, induction of p16 over-expression had no discernable effect on ROS ([@R26]). By contrast, our studies utilized siRNAi to knockdown p16 in primary normal human cells expressing wild-type p16, or lentivirus to express p16 in freshly-isolated mouse fibroblasts that were genetically deficient in p16. These various findings suggest that regulation of ROS by p16 in melanocytes and melanoma cells may be context-specific, and could reflect differences between cell types, or the immortalized or senescent state of the cells. Nevertheless, it seems plausible from our findings that p16 may act to suppress tumorigenesis through two inter-related pathways ([Figure 6](#F6){ref-type="fig"}): first mediating cell cycle arrest to facilitate repair of DNA damage, and second, to control accumulation of ROS that may cause oxidative DNA damage. Moreover, melanocytes may be more perturbed by oxidative dysregulation induced by compromise of p16 than other cell types, leading to increased susceptibility to melanoma over other cancers.

The precise mechanism by which p16 deficiency increases intracellular ROS in our system remains to be elucidated. Several recent reports also describe possible novel tumor-suppressive roles of p16 that are independent of its role in cell cycle control. For example, several p16 mutants responsible for inherited melanoma susceptibility in humans retain robust CDK4-binding capacity ([@R3]). It has been reported that p16 interacts with brahma-related gene 1 (BRG1), a chromatin remodeling factor ([@R4]) whose expression is frequently lost in primary and metastatic melanomas ([@R2]). Given the myriad of possible transcriptional targets of the BRG1-p16 complex, it is possible that p16 may regulate cellular oxidative stress through this newly discovered interaction. It has also been reported that p16 can bind to c-Jun N-terminal kinase (JNK) 3, thereby blocking JNK-mediated phosphorylation of c-Jun following UV exposure and activation of the Ras-JNK-Jun-AP-1 signaling cascade ([@R8]). Therefore it is possible that loss of p16 removes an important inhibitor of Ras-JNK-Jun-AP-1 signaling (and cellular transformation), resulting in an upregulation of genes responsible for increased intracellular ROS. Interestingly, the residue Arg24 of p16 is thought to play a crucial role in the stabilization of the p16-JNK3 complex, and an Arg24Pro mutation in p16 co-segregates in nine melanoma-prone families ([@R3]).

Taken together, our work presented here suggests that p16 may exert tumor-suppressive effects that extend beyond its known function as a cell cycle regulator. Further study of the mechanistic basis for oxidative regulation by p16 may shed further light on why loss of p16 commonly occurs in tumors, and why inherited p16 mutations predispose to melanoma susceptibility.

Materials and Methods {#S11}
=====================

Skin cells {#S12}
----------

Normal human melanocytes and keratinocytes were prepared from neonatal foreskins as described previously ([@R6]). Human fibroblasts were also prepared from foreskins following overnight treatment with dispase and removal of the epidermis ([@R6]). Briefly, tissue fragments were incubated sequentially with collagenase (260 U per mL, Sigma Chemical Co, St. Louis, MO) for 1.5 h and then with trypsin/EDTA (0.05%, Invitrogen, Carlsbad, CA) for 15 min at 37 °C. Cultures were expanded in high-glucose DMEM supplemented with 10% FBS (complete medium). Mouse fibroblasts were isolated from neonatal wild-type (C57/BL6, National Cancer Institute, Rockville, MD) and background-matched CDKN2a homozygous-null mice (B6.129-*Cdkn2a^tm1Rdp^*, MMHCC, National Cancer Institute) in sterile fashion as previously described ([@R5]). Briefly, the skin was dissected away and the ribcage/torso region was removed, and then mechanically disrupted using a razor blade in complete medium. Cultures were expanded in complete medium. All cell cultures were maintained at 37 °C in a humidified incubator with 5% CO~2~. Mouse fibroblasts were stored at -80 °C, thawed, maintained in exponential growth phase, and used for experiments within two to three weeks.

Generation and measurement of oxidative stress {#S13}
----------------------------------------------

Cells were UV-irradiated as previously described ([@R11]), or H~2~O~2~ (Sigma) was added to cultures. Endogenous ROS of protein equivalents were quantified by DCFDA assay as previously described ([@R11]). Although DCFDA is somewhat non-specific, fluorescence levels likely reflect H~2~O~2~ levels ([@R7]). For measurements in whole skin, dorsal skin was excised from newborn pups and incubated in high glucose DMEM supplemented with 10% FBS and 20 μM DCFDA for 30 min at 37 °C. Skins were then rinsed in PBS, manually homogenized in a disposable eppendorf tube with plastic pestle (Fisher Scientific, Pittsburgh, PA) containing 150 μL lysis buffer (2% SDS, 50 mM Tris and 10% glycerol), then 30 μg lysate was subjected to fluorimetric analysis. NAC solution (American Regent, Shirley, NY) diluted from newly-opened vials, was added at a final concentration of 5 mM to cells 30 min prior to other treatments. The phospho-p38 specific inhibitor (SB203580, EMD Chemicals, Gibbstown, NJ) was added directly to cultures at a final concentration of and 20 μM.

Western Blotting {#S14}
----------------

Specific proteins were detected in cell lysates as previously described ([@R33]). Primary antibodies were used against p16 (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA), β-Actin (1:10,000, A-3853, Sigma, St. Louis, MO), p38 SAPK, (1:1000, ab31828, Abcam, Cambridge, MA), phospho-p38 (1:1000, ab32557, Abcam), HO-1 (1:1000, OSA 110, Stressgen, Ann Arbor, MI), Rb (1:1000, sc-50, Santa Cruz Biotechnology), and Rb phosphorylated at residues 780 and 795 (1:1000, 9307 and 9301, respectively, Cell Signaling Technology, Danvers, MA).

Oxidative damage in melanocytes {#S15}
-------------------------------

The presence of 8-OG was detected in cells immobilized in agarose by immunohistochemistry as previously described ([@R11]). Approximately 300 cells were counted per experimental condition for each experiment.

RNAi {#S16}
----

Cells were transfected at 70% confluency in 6-well plates with oligonucleotides targeting *p16* (sc-36143 targeting exon 1β and non-overlapping with p14^ARF^, Santa Cruz Biotechnology), *Rb* ([@R33]), or a control non-specific siRNA ([@R33]). For *p16* and the control non-specific siRNA, 6 μL RNAi duplexes (10 μM stocks) were mixed with 100 μL transfection medium (sc-36868, Santa Cruz Biotechnology). For Rb knockdown two duplexes were used in combination at a final concentration of 50 nM each in 100 μL transfection medium. These mixtures were added to 6 μL transfection reagent (sc-29528, Santa Cruz Biotechnology) and 100 μL transfection medium for each well, and after 30 min added drop-wise to wells containing 800 μL transfection media. For (two-step) knockdown of p16 and Rb, twice the amount of transfection reagent was used. After 6 h, 1 mL of normal media for the given cell type with 20% FBS was added to the cells. After an additional 24 h, normal media was exchanged. Conditions were optimized for p16 and Rb knockdown at 48 h.

qRT-PCR {#S17}
-------

Cellular RNA (0.5 μg) prepared using the RNeasy kit (Qiagen, Valencia, CA) was reverse-transcribed using SuperScript II Reverse Transcriptase (Invitrogen), and equal volumes of cDNA (1 μl of each 20 μl reaction) were subjected to PCR using primers specific for *p16* (5′-CCCAACGCACCGAATAGTTAC-3′ and 5′-ACCACCAGCGTGTCCAGGAA-3′) or *GAPDH* (5′-CCCTCAACGACCACTTTGTC-3′ and 5′-GGGTCTACATGGCAACTGTG-3′) for up to 40 cycles (95 °C for 10 s, 59 °C for 10 s and 72 °C for 20 s). The SyBR Advantage qPCR Premix Kit (Clontech, Mountain View, CA) was used according to the manufacturer\'s instructions, and samples were run using a CFD-3240 Chromo4 detector (MJ Research, Waltham, MA) equipped with Opticon Monitor software (Promega Corporation, Madison, WI) for data acquisition, monitoring, and analysis. Expression levels for each gene were normalized to GAPDH. GAPDH expression was not affected by H~2~O~2~ treatment or p16 knockdown.

p16-expressing lentivirus {#S18}
-------------------------

The *p16* gene was PCR-amplified from human melanocyte cDNA using primers (5′-GGA[CTGCAG]{.ul}CATGGAGCCGGCGG-3′ and 5′-TTT[CTCGAG]{.ul}CCTCTCTGGTTCTTTCA-3′) and PfuUltra II Fusion HS polymerase (Stratagene, La Jolla, CA). Underlined nucleotides indicate PstI and XhoI sites introduced by PCR for further subcloning. The PCR product was cloned into pSC-B-Amp/Kan (Stratagene), confirmed by sequencing, then subcloned into the SbfI/XhoI sites of the modified pEI2 lentiviral expression vector ([@R41]) obtained from Bryan Welm (Huntsman Cancer Institute). The lentiviral construct was validated for p16 expression by transient transfection into HeLa cells followed by Western blotting. For viral production, HEK 293T/17 cells (ATCC, Manassas, VA) grown in DMEM with 10% FBS were co-transfected with 5 μg lentiviral vector and helper plasmids (Lenti-X HT packaging mix, Clontech) and 30 μg of polyethylenimine (pH 7.0, Sigma) in 1 mL of OptiMEM (Invitrogen) as described ([@R41]). Viral particles were collected 48 h and 72 h after transfection, purified by centrifugation (×1500 g) and filtration (0.45 μm), followed by ultracentrifugation (×100,000 g) to achieve 100-fold concentration. Viral titers were determined by limiting dilution and visualization of GFP-positive cells. For cellular infection, 8 μg/mL polybrene (Sigma) was added as previously described ([@R33]).

Cell cycle analysis {#S19}
-------------------

Human melanocytes at 60-70% confluency were cultured in 6-well plates and subjected to RNAi. After 48 h, cells harvested by trypsinization were washed with cold PBS, resuspended in 500 μl of 70% ethanol, and then stored overnight at 4 °C. After washing in PBS, cells were resuspended in PBS containing 50 μg/ml propidium iodide (Sigma) and then 10,000 cells were analyzed on a FACSort using ModFit LT version 3.1 software (Verity Software House, Topsham, ME) as described previously ([@R33]).

Statistics {#S20}
----------

Statistical analysis was performed using Prism 3.0 (GraphPad Software, La Jolla, CA) and R 2.80 (R Foundation for Statistical Computing, Vienna, Austria) and supervised by a biostatistician (K.M.B.). Data from experimental groups were subjected to standard one- and two-sample t tests. For experiments using cells from multiple donors, a repeated measures ANOVA analysis was performed with P values adjusted for multiple comparisons using Tukey\'s Honest Significant Difference. For experiments in which individual cells were counted (ie. determination of 8-OG), data were analyzed using logistic regression. The pairing of donors was taken into account as a factor in the analysis, and a Bonferonni correction was applied for two comparisons. P values ≤ .05 were considered statistically significant.

Supplementary Material {#S21}
======================

This work was supported in part by NIH grants AR050102 and CA125761, the Department of Dermatology, and the Huntsman Cancer Foundation. We acknowledge use of the DNA/peptide and Flow Cytometry core facilities and a pilot project grant supported by P30 CA042014 awarded to Huntsman Cancer Institute. We thank Bryan Welm for providing the pEI2 plasmid and technical support for our lentiviral production, and the MMHCC at the National Cancer Institute for providing B6.129-*Cdkn2a^tm1Rdp^* mice.

**Conflict of Interest**

The authors declare no conflicts of interest.

![Exogenous oxidative stress acutely upregulates p16 in human skin cells, and melanocytes are more susceptible than other cell types to oxidative stress and damage. (**a**) Melanocytes were untreated (0 h) or UV-irradiated (480 J/m^2^, lanes 2-5), and cell lysates were prepared over a 24-h period and blotted with antibodies against p16 and Actin (upper panel). Melanocytes were treated with H~2~O~2~ at the concentrations indicated, in the absence (lanes 1-3) or presence (lanes 4-6) of 5 mM NAC, and 5 h later cell lysates were blotted for p16 and Actin (lower panel). (**b**) Melanocytes were untreated (0 h) or UV-irradiated (480 J/m^2^) in the absence or presence of 5 mM NAC, and 5 h later ROS levels were measured by DCFDA assay (upper panel, values normalized to mean of control conditions which were set at 1) and cell lysates were blotted for p16 and Actin (lower panel). Error bars indicate SEM from three independent experiments. \*P\<.001 (one-sample t test), \*\*P\<.001 (two-sample t test). (**c**) Keratinocytes (KC), fibroblasts (FB), and melanocytes (MC) isolated from each of six donors were untreated or treated with 0.05 mM H~2~O~2~ for 1.5, 3, or 5 h. RNA was isolated and expression of p16 and GAPDH was quantitated by qRT-PCR, with p16 levels normalized to GAPDH at each time point (and then normalized to control conditions which were set at 1). Error bars indicate SEM from six independent determinations. \*P\<.05 (one-sample t tests). (**d**) Melanocytes (MC), keratinocytes (KC), and fibroblasts (FB) isolated from each of seven donors were untreated or treated with 0.05 mM H~2~O~2~ for 5 h, and ROS levels were measured by DCFDA assay (left panel). Error bars indicate SEM from seven independent determinations. \*P\<.001 (repeated measures ANOVA analysis, P values adjusted for multiple comparisons). Cells isolated from each of three donors were untreated or treated with 0.5 mM H~2~O~2~ for 48 h, then fixed and immobilized for 8-OG staining. Error bars indicate SEM of percent 8-OG positive cells assessed under each condition from three independent determinations. \*P=.06, \*\*P\<.001 (adjusted for multiple comparisons).](nihms228024f1){#F1}

![ROS upregulate p16 through the p38 SAPK in human melanocytes. (**a**) Melanocytes were cultured for 5 h alone (lane 1) or in the presence of 0.05 mM H~2~O~2~ (lanes 2-4), phospho-p38 inhibitor (INH), and with or without pre-addition of 5 mM NAC (lanes 4 and 5). Cell lysates were blotted for p16, phospho-p38 and p38, with p38 serving as a loading control. (**b**) Melanocytes were cultured for 5 h alone or in the presence of 0.05 mM H~2~O~2~ and/or phospho-p38 inhibitor (INH). ROS levels were measured by DCFDA assay, and values normalized to those of control conditions which were set at 1. Error bars indicate SEM from three independent experiments. \*P\<.001 (one-sample t test). (**c**) Schematic depicting the ROS-dependent p38-p16 signaling pathway, and the possibility that p16 suppresses endogenous ROS.](nihms228024f2){#F2}

![Intracellular ROS and oxidative DNA damage is increased in p16-depleted cells. (**a**) Melanocytes were transfected with control scrambled (Scr) or p16-specific siRNA, and 48 h later cell lysates were blotted for p16 and Actin. (**b**) Melanocytes were transfected with siRNA, and 48 h later either untreated or treated with 5 mM NAC and/or 0.05 mM H~2~O~2~. After 5 h, ROS levels were measured by DCFDA assay, and values normalized to those of control conditions which were set at 1. Error bars indicate SEM from three independent experiments. \*P=.005 (one-sample t test). (**c**) Melanocytes were transfected with siRNA, and 48 h later either untreated or treated with 0.5 mM H~2~O~2~. After an additional 48 h, cells were fixed and immobilized for 8-OG staining. Error bars indicate SEM of percent 8-OG positive cells assessed under each condition in three independent experiments. \*P=.05 (two-sample t test). (**d**) Melanocytes (MC), keratinocytes (KC), and fibroblasts (FB) isolated from four individual donors were transfected with p16-specific siRNA, and then 48 h later cultured in the absence or presence of 0.05 mM H~2~O~2~. After 5 h, intracellular ROS levels were measured by DCFDA assay. Error bars indicate SEM from four independent experiments with different donor cells. \*P\<.001, \*\*P=.002 (repeated measures analysis of variance, ANOVA).](nihms228024f3){#F3}

![Suppression of ROS by *Cdkn2a in vivo*, and normalization of ROS in *Cdkn2a*-deficient cells upon restoration of p16 expression. (**a**) Dorsal skin was removed from wild-type and *Cdkn2a*-deficient mice, and ROS levels were measured in tissue lysates by DCFDA assay. Mean values normalized to those of wild-type mice which were set at 1. Error bars indicate SEM from independent measurements in wild-type (n=10) and *Cdkn2a*-deficient (n=11) mice. \*P=.03 (two-sample t test). (**b**) Two lines of fibroblasts were derived from both wild-type and *Cdkn2a*-deficient mice, and ROS levels determined by DCFDA assay. Error bars indicate SEM from five independent experiments. \*P\<.001 (repeated measures analysis of variance, ANOVA). (**c**) Wild-type (WT) and *Cdkn2a*-deficient fibroblasts were infected with either GFP control lentivirus, or lentivirus expressing p16/GFP as indicated. Cell lysates were prepared 48 h later and subjected to DCFDA assay for ROS (left panel) and Western blotting for p16, phospho-p38, p38, or Actin (right panel). Error bars indicate SEM from three independent experiments. \*P=.01 (two-sample t test).](nihms228024f4){#F4}

![p16 regulation of ROS occurs independently of Rb. (**a**) Melanocytes were untreated (0 h), or treated with 50 μM H~2~O~2~ for 5h or 24 h. Cells were lysed for Western blotting (left panel), or analyzed by flow cytometry to determine cell cycle phase (right panel). Error bars represent SEM of triplicate determinations, \*P\<.001 (two-sample t test). Representative of two experiments performed. (**b**) Melanocytes were transfected with scrambled (Scr) or indicated specific siRNA, and then 48 h later ROS levels were measured by DCFDA assay, cell lysates were prepared for Western blotting, and cycle analysis was performed with percentages of cells in each phase (G1, S, G2M) indicated. Error bars indicate SEM of duplicate or triplicate determinations. \*P=.01, \*\*P\<.001; ns, not significant. Representative of two experiments performed.](nihms228024f5){#F5}

![Potential tumor-suppressive functions of p16. In the canonical pathway, p16 mediates cell cycle arrest as part of the DNA damage response pathway, allowing time for DNA repair enzymes to correct potentially oncogenic mutations or avoiding transformation by inducing senescence. Loss of p16 leads to increased ROS levels (direct or indirect effect, indicated by dashed/solid line) and oxidative DNA damage, which in p16-deficient cells with impaired capacity for cell cycle arrest and senescence, may result in increased accumulation of mutations promoting oncogenesis. Melanocytes are particularly susceptible to oxidative stress ([Figure 1d](#F1){ref-type="fig"}), perhaps explaining why loss of p16 predisposes to melanoma rather than other cancers.](nihms228024f6){#F6}
